Ghrelin is a metabolic signal regulating energy homeostasis. Circulating ghrelin levels rise during starvation and fall after a meal, and therefore, ghrelin may function as a signal of negative energy balance. Ghrelin may also act as a modulator of reproductive physiology, as acute ghrelin administration suppresses gonadotropin secretion and inhibits the neuroendocrine reproductive axis. Interestingly, ghrelin's effect in female metabolism varies according to the estrogen milieu predicting an interaction between ghrelin and estrogens, likely at the hypothalamic level. Here, we show that ghrelin receptor (GHSR) and estrogen receptor-␣ (ER␣) are coexpressed in several hypothalamic sites. Higher levels of circulating estradiol increased the expression of GHSR mRNA and the co-xpression of GHSR mRNA and ER␣ selectively in the arcuate nucleus (ARC). Subsets of preoptic and ARC Kiss1 neurons coexpressed GHSR. Increased colocalization was observed in ARC Kiss1 neurons of ovariectomized estradiol-treated (OVX ϩ E2; 80%) compared with ovariectomized oil-treated (OVX; 25%) mice. Acute actions of ghrelin on ARC Kiss1 neurons were also modulated by estradiol; 75 and 22% of Kiss1 neurons of OVX ϩ E2 and OVX mice, respectively, depolarized in response to ghrelin. Our findings indicate that ghrelin and estradiol may interact in several hypothalamic sites. In the ARC, high levels of E2 increase GHSR mRNA expression, modifying the colocalization rate with ER␣ and Kiss1 and the proportion of Kiss1 neurons acutely responding to ghrelin. Our findings indicate that E2 alters the responsiveness of kisspeptin neurons to metabolic signals, potentially acting as a critical player in the metabolic control of the reproductive physiology. kisspeptin; hypothalamus; metabolism; growth hormone secretagogue receptor; reproduction IN MAMMALS, THE ABILITY TO REPRODUCE is gated by the availability of energy stores (25, 49) . Reproduction is metabolically expensive, and during starvation fertility is stopped to conserve energy for basic survival. Accumulating evidence has implicated circulating hormones as a means of transmitting information regarding peripheral energy availability to the central circuitry that controls the reproductive system. Among these metabolic signals is the stomach-derived hormone ghrelin (23, 46) . Ghrelin was recognized originally for its growth hormonestimulating action, but extensive research has since demonstrated that ghrelin is also a direct regulator of metabolism and energy balance (22, 28, 55) . Ghrelin promotes the storage of lipids as fat, induces glucagon release, and suppresses insulin secretion and sensitivity (4, 5, 47). Interestingly, the effects of ghrelin to increase body weight vary according to the estrogen milieu, as a more pronounced orexigenic effect is observed in females upon ovariectomy (3, 6). In cycling rats, ghrelin stimulation of food intake is observed only in females in diestrus (when estrogen levels are low). Moreover, males treated with estradiol are resistant to the stimulatory effects of ghrelin on food intake (6). Collectively, these findings suggest an interaction between ghrelin and estradiol possibly at the level of the receptors located in the brain.
IN MAMMALS, THE ABILITY TO REPRODUCE is gated by the availability of energy stores (25, 49) . Reproduction is metabolically expensive, and during starvation fertility is stopped to conserve energy for basic survival. Accumulating evidence has implicated circulating hormones as a means of transmitting information regarding peripheral energy availability to the central circuitry that controls the reproductive system. Among these metabolic signals is the stomach-derived hormone ghrelin (23, 46) . Ghrelin was recognized originally for its growth hormonestimulating action, but extensive research has since demonstrated that ghrelin is also a direct regulator of metabolism and energy balance (22, 28, 55) . Ghrelin promotes the storage of lipids as fat, induces glucagon release, and suppresses insulin secretion and sensitivity (4, 5, 47) . Interestingly, the effects of ghrelin to increase body weight vary according to the estrogen milieu, as a more pronounced orexigenic effect is observed in females upon ovariectomy (3, 6) . In cycling rats, ghrelin stimulation of food intake is observed only in females in diestrus (when estrogen levels are low). Moreover, males treated with estradiol are resistant to the stimulatory effects of ghrelin on food intake (6) . Collectively, these findings suggest an interaction between ghrelin and estradiol possibly at the level of the receptors located in the brain.
In addition to its effects on energy balance, accumulating evidence suggests that ghrelin can also influence fertility (34) . Studies conducted in several species, including rats, sheep, monkeys, and humans, indicate that ghrelin administration suppresses gonadotropin secretion (19, 27, 30, 48) . The exact site of ghrelin action is currently unknown, but several lines of evidence support the idea that ghrelin acts at the hypothalamic level to inhibit gonadotropin secretion. First, the functional ghrelin receptor GHSR (growth hormone secretagogue receptor; GHSR1a) is present in several hypothalamic regions, including those known to participate in the control of the reproductive function, indicating that this hormone can interact directly with hypothalamic neurons (56) . Second, the inhibitory action of ghrelin upon gonadotropin secretion is maintained when ghrelin is administered directly to the brain of male and female rats (10, 11, 15) . Third, ghrelin inhibits the output of gonadotropin releasing hormone (GnRH) from hypothalamic explants (11) . Of note, in rats, fasting conditions (when ghrelin is high) as well as ghrelin administration decrease hypothalamic Kiss1 mRNA expression (13) . However, in contrast to mice, the preoptic area of rats is deficient in GHSR (56) , suggesting an indirect effect of ghrelin upon Kiss1 gene expression in those neurons.
To gain insights into the brain circuitry mediating ghrelin's effects in the reproductive neuroendocrine axis, we employed a series of neuroanatomic, electrophysiological, and genetic approaches using the mouse as an experimental model. We aimed to identify the hypothalamic sites of ghrelin/estrogen and ghrelin/Kiss1 interaction and the direct effect of ghrelin on Kiss1 cell activity. Ovariectomy and estradiol replacement. Ovariectomy was performed in mice anesthetized with an intraperitoneal (ip) injection of a ketamine-xylazine cocktail (120 mg/kg ketamine, 16 mg/kg xylazine). A capsule prepared as described previously (8) containing either 1 g of estradiol (E2; 17␤-estradiol 3-benzoate) (Sigma) suspended in sesame oil or oil alone was implanted under the skin at the time of the ovariectomy. Mice were euthanized 7 days, later and brains were collected for histology or quantitative PCR (qPCR). For electrophysiological experiments, mice were ovariectomized (OVX) 7-10 days prior to recording. Ovariectomized E2-primed mice (OVX ϩ E 2) were submitted to the surgical procedure 3-4 days prior to recording (14) .
MATERIALS AND METHODS

Animals
Perfusion and histology. Mice were deeply anesthetized with chloral hydrate and perfused with 10% formalin (pH 7.4). Brains were dissected and cryoprotected overnight at 4°C in diethylpyrocarbonate (DEPC)-treated 0.1 M phosphate-buffered saline (PBS), pH 7.4, containing 20% sucrose. The brains were cut (25-m sections) in the frontal plane in a freezing microtome. Five series were collected and stored at Ϫ20°C in cryoprotectant until they were processed for in situ hybridization and immuhistochemistry.
Single-and double-label in situ hybridization/immunohistochemistry. Single-label in situ hybridization (ISH) histochemistry (IHC) for GHSR mRNA detection was performed as described previously (5) . Briefly, tissue sections from C57BL/6 OVX (n ϭ 4) and OVX ϩ E2 (n ϭ 5) females were mounted onto SuperFrost plus slides (Fisher Scientific), air-dried, and fixed in 4% paraformaldehyde in DEPC-treated PBS for 20 min. Tissue was dehydrated in increasing concentrations of ethanol, cleared in xylenes, rehydrated in decreasing concentrations of ethanol, and placed in prewarmed sodium citrate buffer, pH 6.0. While in buffer, slides were microwaved for 10 min, followed by dehydration in graded ethanol. The 
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Ϫ1 in a hybridization solution containing 50% formamide, 10 mM Tris·HCl (pH 8.0), 5 mg of tRNA (Invitrogen), 10 mM dithiotreitol, 10% dextran sulfate, 0.3 M NaCl, 1 mM EDTA, and 1ϫ Denhardt's solution. The GHSR riboprobe was described and validated in previous studies (56) . Hybridization solution with probe was applied on each slide and incubated overnight at 57°C. Coverslips were then removed and slides washed in 2ϫ SSC (sodium chloride sodium citrate buffer) and treated with 0.02% RNase A (Roche) in 0.5 M NaCl, 10 mM Tris·HCl, and 1 mM EDTA for 30 min. Sections were then subjected to stringency washes in SSC. Tissue was dehydrated in increasing concentrations of ethanol, and slides were placed in X-ray film cassettes with BMR-2 film (Kodak) for 3 days and then dipped in NTB-2 autoradiographic emulsion (Kodak), dried, and stored in light-protected boxes at 4°C for 3-4 wk. Finally, slides were developed with D-19 developer (Kodak), counterstained with thionin, dehydrated in graded ethanol, cleared in xylenes, and coverslipped with Permaslip. Double-label ISH and IHC was performed as described previously (7, 56) . Briefly, free-floating sections from C57BL/6 OVX (n ϭ 4) and OVX ϩ E2 (n ϭ 4) females or Kiss1-Cre/GFP mice on diestrus (n ϭ 4), OVX (n ϭ 4), and OVX ϩ E 2 (n ϭ 4) were rinsed in DEPC-treated PBS and treated with 0.1% sodium borohydride for 15 min. Sections were treated with 0.25% acetic anhydride in 0.1 M triethanolamine (pH 8.0) for 10 min and then washed in 2ϫ SSC. Next, the sections were incubated overnight at 50°C in the abovedescribed hybridization solution containing the 33 P-labeled GHSR riboprobe. Subsequently, sections were treated with RNase A and submitted to stringency washes in SSC. Next, the sections from C57BL/6 females were incubated in anti-estrogen receptor-␣ (ER␣; made in rabbit, 1:25,000, C1355; Millipore), and sections from Kiss1-Cre/GFP females were incubated in anti-GFP (made in chicken, 1:5,000; Aves Laboratories) overnight at room temperature. Both antibodies have been validated before (2, 7, 52, 53) . The next day, sections were incubated for 1-2 h in secondary antibody [biotinconjugated donkey anti-rabbit, 1:1,000 (Vector Laboratories) for ER␣ staining or AlexaFluor 488 conjugated goat anti-chicken, 1:500 (Invitrogen) for GFP labeling]. Sections incubated in Alexa Fluor 488-conjugated secondary antisera (GFP) were mounted onto SuperFrost plus slides and processed for standard autoradiographic procedures, as described above. Sections incubated in biotinylated secondary antisera [ER␣ were further incubated in avidin-biotin complex (1:500 for 1 h; Vector Laboratories)]. Peroxidase reaction was performed using 3,3=-diaminobenzidine tetrahydrochloride (Sigma) as chromogen and sections were mounted onto SuperFrost plus slides and processed for standard autoradiographic procedures, as described above.
Quantitative PCR. C57BL/6 female mice (OVX, n ϭ 5; OVX ϩ E 2, n ϭ 7) were anesthetized with chloral hydrate and euthanized by decapitation. Brains were immediately dissected, rinsed in ice-cold DEPC-treated PBS, and sectioned with clean razor blades in a metal matrix according to Chuang et al. (5) . To quantify relative levels of mRNA, tissue punches from the medial preoptic area [containing the AVPV and the medial preoptic nucleus (MPO)] and from the caudal ARC were collected. Neuroanatomic landmarks were used to identify the AVPV/MPO and ARC regions, and a 14-gauge tissue punch needle attached to a 3-ml syringe was used to bilaterally collect portions of tissue from each region. Histological structures were identified based on The Mouse Brain in Stereotaxic Coordinates (39) . To collect punches from the AVPV/MPO, we used sections where the anterior commissure formed an elongated continuum but was not touched by the third ventricle. Tissue was extracted from the region immediately adjacent to the third ventricle. To collect punches from the ARC, tissue was extracted from the region immediately adjacent to the third ventricle at its ventral extreme. RNA was isolated, and qPCR was performed as described by Chuang et al. (5) . Total RNA was isolated from each hypothalamic block using Trizol (Qiagen), and RNA concentrations were determined by absorbance at 260 nm with a Nanodrop 100 Spectrophotometer (Thermo Scientific). Total RNA was treated with DNAse (Roche) and reverse-transcribed into cDNA with the High Capacity cDNA Reverse Transcription kit (Applied Biosystems). qPCR analysis was performed using an 7900 HT Fast Real-Time PCR System and TaqMan Gene Expression Assays (Applied Biosystems). Relative RNA level of a target gene in each sample was normalized using 18S values. Primer sequences were as follows: GHSR forward, 5=-ACCGTGATGGTATGGGTGTCG-3=; reverse, 5=-CACAGTGAGGCAGAAGACCG-3= (product spanning nucleotides 878 -937, NM_177330).
Electrophysiological recordings. To examine the pharmacological effects of ghrelin on the electrophysiological properties of Kiss1 neurons, whole cell patch clamp recordings were performed in Kiss1-Cre/GFP female mice (diestrus, n ϭ 10; OVX, n ϭ 3; OVX ϩ E2, n ϭ 3). Kiss1-Cre-expressing neurons in the preoptic area (AVPV/ PeN) and the ARC were recorded. During the recordings, neurons were maintained in hypothalamic slice preparations, and data analyses were performed as described previously (14, 51) . Mice were decapitated, and the entire brain was removed. After removal, brains were immediately submerged in ice-cold, carbogen-saturated (95% O 2 and 5% CO 2) artificial cerebrospinal fluid (aCSF; 126 mM NaCl, 2.8 mM KCl, 1.2 mM MgCl 2, 2.5 mM CaCl2, 1.25 mM NaH2PO4, 26 mM NaHCO 3, and 5 mM glucose). Coronal sections from a hypothalamic block (250 M) were cut with a Leica VT1000S Vibratome and then incubated in oxygenated artificial cerebrospinal fluid (aCSF) at room temperature for Ն1 h before recording. Slices were transferred to the recording chamber and allowed to equilibrate for 10 -20 min before recording. The slices were bathed in oxygenated aCSF (32-34°C) at a flow rate of ϳ2 ml/min. The pipette solution for whole cell recording was modified to include an intracellular dye (Alexa Fluor 594) for whole cell recording: 120 mM K-gluconate, 10 mM KCl, 10 mM HEPES, 5 mM EGTA, 1 mM CaCl 2, 1 mM MgCl2, 2 mM Mg-ATP, and 0.03 mM Alexa Fluor 594 hydrazide dye, pH 7.3. Epifluorescence was used briefly to target fluorescent cells, at which time the light source was switched to infrared differential interference contrast imaging to obtain the whole cell recording (Nikon Eclipse FN1 equipped with a fixed stage and a QuantEM:512SC electronmultiplying charge-coupled device camera or a Leica DM6000 FS equipped with a fixed stage and a Leica DFC360 FX high-resolution, high-speed monochrome fluorescence digital camera). Electrophysiological signals were recorded using an Axopatch 700B amplifier (Molecular Devices), low-pass filtered at 2-5 kHz, digitized at 88 kHz (Neuro-corder; Cygnus Technology), and analyzed offline on a PC with pCLAMP programs (Molecular Devices). Recording electrodes had resistances of 2.5-5 M⍀ when filled with the K-gluconate internal solution. Input resistance was assessed by measuring voltage deflection at the end of the response to a hyperpolarizing rectangular current pulse (500 ms of Ϫ10 to Ϫ50 pA). Membrane potential values were compensated to account for junction potential (Ϫ8 mV). Solutions containing acylated rat ghrelin (Pi Proteomics) were typically perfused for 5 min. For some experiments, tetrodotoxin (TTX; 1 M; Tocris) was added to the bath solution to block action potentialdependent presynaptic activity from afferent neurons that might have affected the membrane potential of postsynaptic neurons targeted for recording.
Images and data analysis. All sections used for ISH and ISH/IHC were visualized with a Zeiss M2 microscope. Photomicrographs were produced by capturing images with a Zeiss Axiocam HRc digital camera and AxioVision software. Only the sharpness, contrast, and brightness were adjusted. For single-label ISH, the hybridization signal was estimated by the analysis of the integrated optical density (IOD) using the Image J software (http://rsb.info.nih.gov/ij), and comparison between treatment groups (OVX vs. OVX ϩ E2) was defined. Dark-field photomicrographs were acquired using the same illumination and exposure time for every section, and no image editing was processed. The IOD values for GHSR mRNA were calculated as the total IOD of a constant area subtracting the background. The background was obtained from adjacent nuclei that do not express GHSR. Because of the low expression levels of GHSR and the inaccurate determination of single cells using silver grains, only total IOD was compared, and quantification was further evaluated by qPCR. For double-label ISH/IHC assays, cells were considered double labeled if the density of silver grains overlying the nucleus (ER␣-ir) or the cytoplasm (GFP-ir) of the cell was at least three times greater than the background level. Only one representative section and one side of the brain were counted per mouse per group, and therefore, no correction for double counting was used. Background was determined by observing a portion of the tissue where GHSR was expected to be absent based on previous studies (56) and in our own present observations. GHSR-expressing cells were not individually counted because of the diffuse nature of the silver grains.
Data are expressed as means Ϯ SE. Comparison between two groups was carried out using the unpaired two-tailed Student t-test and between three groups using one-way ANOVA. Comparison between the percentage of Kiss1 cells that acutely responded to ghrelin was performed using chi-square two-tailed test. GraphPad Prism software was used for the statistical analysis, and an ␣-value of 0.05 was considered in all analyses.
RESULTS
GHSR and ER␣ are coexpressed in defined hypothalamic sites. GHSR mRNA expression has been described in intact adult male mice (56) . Because of the sexually dimorphic responses to exogenous ghrelin described in previous studies (6), we initially evaluated the distribution of GHSR mRNA in the forebrain of the female mice. As described for adult males, females on diestrus showed moderate to high hybridization signals in the medial aspect of the MPO, in the AVPV, in the suprachiasmatic nucleus, in the ventrolateral subdivision of the ventromedial nucleus of the hypothalamus (VMHvl), and in the ARC. Low hybridization signal was also observed in the anterodorsal preoptic, periventricular, paraventricular, dorsomedial, and ventral premammillary nuclei. No clear difference in the distribution pattern of GHSR mRNA was detected comparing males and females, but higher hybridization levels were observed in the VMHvl of females and ventral premammillary nucleus of males (data not shown).
We then performed a double-label assay to determine sites of coexpression of GHSR mRNA and ER␣ immunoreactivity. Because changing levels of E 2 may modify the detection of ER␣ immunoreactivity in the rodent brain (41, 42, 54) , we evaluated the colocalization rate of ER␣ and GHSR in OVX and OVX ϩ E 2 females ( Table 1) . As a control for E 2 levels, uterine weight was assessed at the time of euthanization. OVX females had a reduced uterus size compared with OVX ϩ E 2 mice [0.0154 Ϯ 0.001 vs. 0.1736 Ϯ 0.019 g, P Ͻ 0.001, t (6) ϭ 8.3]. We observed ER␣ immunoreactivity (ER␣-ir) in cells overlaid with silver grains (representing GHSR mRNA expression) in the AVPV, MPO, VMHvl, and ARC (Fig. 1) . In general, the colocalization rate was similar regardless of the (39) . **P Ͻ 0.01 and ***P Ͻ 0.001, Student's t-test comparing ovariectomized oil-treated (OVX) vs. ovariectomized estradiol treated (OVX ϩ E2 mice). steroid hormone milieu [AVPV: P ϭ 0.73, t (4) ϭ 0.36; MPO: P ϭ 0.69, t (7) ϭ 0.40; VMHvl: P ϭ 0.13, t (5) ϭ 1.81]. However, in the ARC, we detected a sharp increase in coexpression of ER␣ and GHSR in OVX ϩ E 2 females compared with the oil-treated group [P Ͻ 0.001, t (5) ϭ 7.5; Table 1 ]. Importantly, ER␣-ir in the ARC was not different between OVX vs. OVX ϩ E 2 mice.
GHSR mRNA expression is altered by E 2 treatment. Because of the unexpected observation of an increased colocalization rate of GHSR mRNA and ER␣-ir upon E 2 exposure, we performed a systematic evaluation of GHSR expression in the hypothalamus of oil-treated and E 2 -treated OVX mice. GHSR mRNA expression was not altered in the AVPV, MPO, and VMHvl [AVPV/MPO: P ϭ 0.3919, t (3.9) ϭ 0.96; VMHvl: P ϭ 0.26, t (4.8) ϭ 1.29]. In contrast, the GHSR signal was very robust and widespread in the ARC of OVX ϩ E 2 compared with OVX mice [ARC1: P Ͻ 0.01, t (3.7) ϭ 6.1; ARC2: P Ͻ 0.05; t (3.6) ϭ 4.4; Fig. 2] .
To further quantify the effects of E 2 on GHSR mRNA expression, we isolated tissue from the preoptic area (AVPV and MPO) and caudal ARC of oil-treated and E 2 -treated OVX mice. Kiss1 mRNA expression was used as control (43) . Similar to the above histochemistry findings, qPCR analysis revealed that GHSR mRNA expression was unchanged in the preoptic area of OVX vs. OVX ϩ E 2 mice (Fig. 3, A and B) , whereas in the ARC GHSR mRNA expression increased threefold in E 2 -treated mice (Fig. 3, C and D) . E 2 induces GHSR expression in subsets of Kiss1 neurons of the ARC. ER␣ in the AVPV and ARC colocalizes with kisspeptin (45) , and previous studies have indicated that ghrelin may alter Kiss1 gene expression (13) . As such, we assessed whether Kiss1 neurons coexpress GHSR in both sites. To do this, we used double-label ISH/IHC in hypothalamic sections of previously described Kiss1 reporter mice (Kiss1-Cre/eGFP) (7, 14) . We observed that 10 -20% of Kiss1 cells in the AVPV of female mice coexpress GHSR regardless of sex steroid status ( Table 2 ). We further observed that 25% of Kiss1 cells in the ARC of OVX oil-treated mice express GHSR mRNA (Fig. 4A) . In contrast, treatment with E 2 had a profound effect on these parameters. In particular, in the ARC of OVX ϩ E 2 mice, much more GHSR signal overall was detected, and ϳ80% of Kiss1 cells were overlaid with silver grains (Fig. 4B) . No effect of E 2 was noticed in Kiss1 cells of the AVPV. The exact counts of Kiss1-and double-labeled cells are shown in Table 2 . As expected for this transgenic Cre-dependent eGFP reporter mouse line, the number of eGFP-expressing Kiss1 cells was unaltered by the presence or absence of E 2 (7) .
Ghrelin depolarizes subsets of Kiss1 neurons of the ARC. Our observation that GHSR is expressed in a subset of Kiss1 neurons suggested that ghrelin indeed can signal directly to these neurons. Thus, we used acute hypothalamic slice preparations from Kiss1-Cre/GFP transgenic mice to examine the effects of ghrelin (100 nM) on the membrane potential of Kiss1 neurons. Kiss1 neurons were identified by GFP signals under a fluorescent microscope (Fig. 5, A and B) . Alexa Fluor 594 was added to the intracellular pipette solutions (Fig. 5C ) for realtime confirmation that GFP-positive neurons were targeted for recording (Fig. 5D) . We recorded from 46 Kiss1-Cre/GFP neurons in aCSF bath solutions. Similar to previous observations (14, 17) , ARC Kiss1 neurons had a resting membrane potential (RMP) of Ϫ51.0 Ϯ 2.0 mV in current clamp mode (n ϭ 21 cells from 8 mice on diestrus). Application of ghrelin depolarized six out of 13 ARC Kiss1 neurons from females on diestrus (46%, 4.5 Ϯ 0.6 mV; Fig. 5E ). These data are in agreement with the colocalization rate of Kiss1-Cre/GFP and GHSR mRNA observed in the ARC of diestrous females (Table 2 ). In the presence of TTX (1 M), application of ghrelin (100 nM) resulted in a depolarization from rest in four out of eight Kiss1 neurons (50%, 5.8 Ϯ 0.8 mV; Fig. 5F ), which is indicative of a direct membrane depolarization independent of action potential-mediated synaptic transmission.
To further delineate whether acute actions of ghrelin on ARC Kiss1 neurons are modulated by E 2 , neurons from OVX and OVX ϩ E 2 mice were recorded. E 2 levels did not influence RMP of ARC Kiss1 neurons [OVX: Ϫ59.6 Ϯ 3.4 mV, n ϭ 9 cells from 3 mice; OVX ϩ E 2 : Ϫ55.7 Ϯ 0.9 mV, n ϭ 8 cells from 3 mice, t (15) (14). Interestingly, the number of cells that responded to acute ghrelin action varied depending on E 2 levels. Ghrelin depolarized two out of nine ARC Kiss1 neurons in OVX mice (22%, 7.0 Ϯ 3.0 mV; from 3 mice), whereas in OVX ϩ E 2 mice, six out of eight cells were depolarized by ghrelin application (75%, 6.8 Ϯ 1.1 mV, from 3 mice). The difference in percentage of Kiss1 cells responding to ghrelin comparing both groups (P Ͻ 0.05, df ϭ 1) is in agreement with the colocalization rate of Kiss1-Cre/GFP and GHSR mRNA observed in the ARC of OVX and OVX ϩ E 2 females (Table 2 ). In current clamp mode, ghrelin did not affect the RMP of recorded AVPV Kiss1 neurons [RMP before ghrelin's application: Ϫ63 Ϯ 3.9 mV; RMP after ghrelin: Ϫ63 Ϯ 4.0 mV; t (14) ϭ 0.1, P Ͼ 0.05; n ϭ 8 cells from 6 mice].
DISCUSSION
In the present study, we have shown that GHSR and ER␣ are coexpressed in several hypothalamic sites, including the AVPV, the MPO, the VMHvl, and the ARC. Notably, high levels of E 2 induced GHSR mRNA expression selectively in the ARC. The E 2 induction of GHSR gene expression was detected in ARC neurons expressing ER␣ and Kiss1. Ghrelin acutely depolarizes ARC Kiss1 neurons, and this effect is modulated by changing levels of E 2 .
The potential relevance of these findings is broad. A series of studies in different species and physiological conditions have demonstrated that ghrelin administration decreases the pulsatile release of LH (10, 11, 15, 27, 30, 34, 48) . For example, in rats, acute ghrelin administration decreased LH secretion in intact and orchidectomized prepubertal males, in ovariectomized prepubertal females, and in cycling and aged females (10, 11, 13, 15, 30) . This effect seems to be exerted primarily through the brain since in vitro approaches have demonstrated that ghrelin may act in an opposite manner at the pituitary level; i.e., it stimulates gonadotropin release directly from gonadotropes (11, 40) . However, little is known about the sites of action of ghrelin to suppress LH pulsatility in the brain. One potential candidate is kisspeptin neurons, as ghrelin administration decreases Kiss1 mRNA expression in the preoptic area of rats (13) . The data here support the model that ghrelin acts in kisspeptin neurons of the ARC to modulate the neuroendocrine reproductive axis. They further indicate that this effect is dependent on circulating E 2 levels. The physiology behind these findings is not currently clear, but ghrelin actions in Kiss1 neurons may contribute to the negative feedback actions of E 2 . Although it seems a logical prediction, further studies are necessary to assess the role of direct ghrelin signaling in Kiss1 neurons.
Previous studies have shown that an interaction between ghrelin and estrogens in metabolic control may exist (3, 6) . With this in mind, and because of the crucial role of estrogen in LH secretion, we first determined the potential hypothalamic sites involved in ghrelin/estrogen interaction. Notably, we found coexpression of ER␣ and GHSR in areas highly implicated in reproductive control. In the preoptic area, the AVPV is critical for the positive feedback actions of estrogen (20, 50) , and the MPO, a sexually dimorphic site, has a central integra- Values represent estimates of mean counts of cells Ϯ SE (n ϭ 4/group). ARC1 and -2, the 2 rostro-to-caudal levels of the arcuate nucleus. The atlas level designations correspond to those described in The Mouse Brain in Stereotaxic Coordinates (39). *P Ͻ 0.05 and **P Ͻ 0.01 (2-way ANOVA comparing the 3 groups).
tive role in reproductive-related behaviors (e.g., male sexual behavior and maternal behavior) in sensing environmental cues and in neuroendocrine regulation (1, 29, 37, 38) . The VMHvl has a pivotal role in female sexual behavior (12, 35) , and the ARC is thought to be essential in the negative feedback actions of estrogen (31, 44, 45) . Importantly, ARC neurons are prime sensors of the internal environment integrating metabolic and reproductive functions (9, 23) . Therefore, ghrelin may act directly in several nodes of the hypothalamic circuitry to inhibit reproduction.
Of special interest for our study is that two sites of GHSR expression and colocalization with ER␣ are those expressing Kiss1. Thus, ghrelin could potentially act through Kiss1 neurons to regulate the hypothalamus-pituitary-gonads axis (13) . Because studies thus far have yielded little evidence for direct signaling of ghrelin to Kiss1 neurons, we sought to determine whether indeed Kiss1 neurons express GHSR and to more closely examine the effects of ghrelin signaling upon these cells. We observed that GHSR mRNA is present in both the AVPV and ARC regions of the female mouse hypothalamus (where Kiss1 expressing neurons reside), but only in the ARC do a substantial number of Kiss1 cells contain GHSR mRNA.
Electrophysiological recordings revealed that roughly half of ARC Kiss1 neurons of females on diestrus responded to ghrelin. If ghrelin does interact directly with Kiss1 cells to diminish their output, we would expect that ghrelin treatment would suppress neuronal activity and perhaps hyperpolarize the cell, making it more difficult to fire an action potential. Surprisingly, we observed that when ghrelin evoked a response, it was always depolarizing. These data suggest that ghrelin enhances the electrical activity of Kiss1 neurons in the ARC.
At first glance, this finding of a depolarizing effect of ghrelin on Arc Kiss1 neurons seems counterintuitive, but another unexpected observation changes the perspective. In particular, our analysis of Kiss1 and Ghsr expression not only revealed that these two genes are coexpressed in subsets of the same neuronal populations but also showed that Ghsr expression patterns and activity are influenced by E 2 . Whether this is a direct effect of ER␣ upon the transcription of Ghsr gene is unknown, but one could argue that if that was the case we would expect to also see changes in other brain sites that colocalize both receptors. However, the mechanisms by which changing levels of E 2 modulate Ghsr expression are undefined, and whether specific intracellular pathways or neuromediators are required for this effect to take place in subsets of neurons is yet to be determined. Of note is that data obtained from OVX and OVX ϩ E 2 approaches, although widely used by multiple laboratories in studies assessing E 2 actions, should be interpreted as indicative of a particular phenomenon. Additional studies using distinct methodologies are necessary to test the model.
Our results also alter our take on the effects of ghrelin on kisspeptin neurons of the ARC, because when E 2 levels are high, Ghsr expression is increased, but Kiss1 expression is diminished (44, 45) . Thus, if ghrelin stimulates the activity of Kiss1 neurons, as our electrophysiological data suggest, it seems likely that these neurons would be releasing less kisspeptin and more of another factor. Two known factors are dynorphin and neurokinin B, both neuropeptides that are present in Kiss1 neurons, and dynorphin has inhibitory effects on GnRH output (18, 26, 36) . However, evidence suggests that, similar to Kiss1, expression of these neuropeptides is downregulated by E 2 in the ARC (36) . Kiss1 neurons of the ARC also contain the neurotransmitters GABA and glutamate, which can modulate the activity of GnRH neurons (7, 21, 24, 32, 33) . Thus, any effects of ghrelin upon kisspeptin-containing neurons may in fact be mediated by the release of another neurotransmitter rather than the stimulatory kisspeptin signal. Together, these results suggest that E 2 sensitizes Kiss1 neurons to ghrelin and that ghrelin in turn increases the activity of Kiss1 neurons. It remains to be seen what neurotransmitters are released by Kiss1 neurons in the ARC under these conditions and whether the net effect would be stimulatory or inhibitory to GnRH neurons.
Overall, our study suggests a model in which ghrelin interacts directly with a subpopulation of Kiss1-expressing neurons in the ARC to modulate their activity and that exposure to E 2 increases the sensitivity of these neurons to ghrelin signals. In this context, our findings reinforce those from other groups indicating that the estrogen milieu functions as a critical player in the metabolic control of the reproductive physiology.
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